Purpose The aim of this current study was to analyze the clinical outcomes after Discover cervical disc replacement and its effects on maintaining cervical lordosis and range of motion (ROM). The possible factors influencing postoperative ROM were analyzed. Method 27 men and 28 women with a mean age of 46.4 ± 8.7 years were prospectively followed up for 2 years. Clinical outcomes were assessed using Japanese Orthopedic Association (JOA), Neck Disability Index (NDI), visual analog scale (VAS) and Odom's criteria. Radiographic information including segment and overall alignment, functional spinal unit (FSU) and overall ROM, and disc heights were prospectively collected during the follow-up. The correlations between the postoperative FSU ROM at last follow-up and influencing factors were analyzed. Results Mean NDI, JOA and VAS scores showed statistical improvements at last follow-up. Anterior migration of the prosthesis was detected in six cases. Heterotopic ossification was observed in ten patients. Mean FSU angle, endplate angle of the treated level and mean overall cervical alignment were all improved significantly at last follow-up (P \ 0.001). However, mean FSU ROM of the treated segment significantly decreased postoperatively (P = 0.008), while mean overall ROM showed no significant differences. A significant correlation was found between preoperative FSU ROM and postoperative FSU ROM by the Pearson correlation coefficient (r = 0.325, P = 0.034). Multiple linear regression analysis confirmed that preoperative FSU ROM contributed independently to a model with a coefficient of determination of 0.37 (P = 0.034). Conclusions In the 2 years follow-up, the Discover cervical disc arthroplasty has provided satisfactory clinical outcomes. It was able to substantially restore segment and overall cervical alignment while partially maintaining segment and overall cervical ROM. Additionally, we found that postoperative FSU ROM positively correlated with preoperative FSU ROM.
Introduction
In recent years, cervical disc replacement (CDR) has become popular as an alternative to anterior cervical discectomy and fusion (ACDF). Its theoretical and observed advantages include a more physiologic distribution of range of motion (ROM), reduced adjacent level stresses and a lowered rate of adjacent segment degeneration (ASD). Currently, there are many commercially available artificial discs with different biomechanical properties. Some prostheses have shown increased ROM postoperatively [1] [2] [3] [4] , while others have shown no change [5] [6] [7] or decreased ROM [8] [9] [10] . Interestingly, some prostheses have been shown to aid in restoration of cervical lordosis postoperatively [11] [12] [13] [14] , while others have shown no change [2, 4] or trend toward kyphosis [5, 15, 16] . As a newly developed device, few reports about the Discover artificial cervical disc (DePuy Spine, Raynham, MA, USA) arthroplasty have been published. The purpose of this study was to prospectively study the clinical outcomes of the Discover disc CDR, specifically its effects on maintaining cervical lordosis and ROM. The factors influencing postoperative ROM were analyzed.
Materials and methods

Patient population
From June 2009 to June 2010, we performed the Discover disc CDR in 71 select patients in our institution. The prospective study was approved by our institutional research board. Patient selection was based on inclusion and exclusion criteria (Table 1) . Fifty-five patients who were successfully followed for 2 years were included in this study, which corresponded to a follow-up compliance of 77.5 % (55/71). There were 27 male and 28 female patients with a mean age of 46.4 ± 8.7 years (range: 26-67 years). Four patients were treated at C3/4, 11 patients at C4/5, 34 patients at C5/6 and 6 patients at C6/7. There were 16 radiculopathy, 31 myelopathy and 8 combined patients. All the patients were well informed about the features and the current indication of the Discover disc and had a strong desire to undergo CDR.
Device design
The Discover artificial cervical disc (DePuy Spine, Raynham, MA, USA) is an MRI-compatible ball-and-socket device comprising a titanium alloy superior endplate that articulates with an ultrahigh molecular weight polyethylene core that is mechanically fixed to the inferior titanium alloy endplate. It features a spherical bearing that allows for motion in all rotational directions. The prosthesis has 7°lordosis to allow for restoration of sagittal alignment in the cervical spine. Immediate fixation is provided by six, 1 mm teeth that project from each endplate. Long-term fixation is provided by the teeth and a layer of porous titanium plasma spray (TPS) and hydroxyapatite (HA) coated on each endplate.
Surgical technique
A standard right-sided anterior approach was routinely performed. The surgical techniques were similar to those for a routine anterior cervical decompression. Implantation of the device was performed according to the manufacturer's specifications. The posterior longitudinal ligaments (PLL) were completely removed in all cases. Endplate preparation corresponded to the lordotic design of the implant, which reflected the normal anatomic state. Any remaining superior posterior osteophytes overhanging the endplate were removed to avoid the potential for postoperative translation. All cases were treated by two senior authors.
Clinical and radiographic evaluation
Evaluations were performed preoperatively, at 1 week, 3 and 6 months and 2 years postoperatively. For the clinical evaluation, Japanese Orthopedic Association (JOA), Neck Disability Index (NDI), visual analog scale (VAS) for neck pain and Odom's criteria were assessed. All patients were asked to complete questionnaires before surgery and at each follow-up examination. The NDI and VAS scores varied from 0 to 100. The preoperative scores were compared with the scores at the last follow-up. Complications during the follow-up were recorded.
Radiographic measurement data were collected by two observers. Each of them measured twice, and the mean value was used for analysis. The functional spinal unit (FSU) angle and endplate angle of the operative segment, and the overall sagittal alignment (C2-C7) were measured on lateral radiographs in the neutral position. The FSU angle was determined by the angle of intersection of tangential lines drawn along the superior endplate of the cephalad vertebral body and the inferior endplate of the caudal body (Fig. 1a) . The postoperative endplate angle was defined as the angle between the superior and inferior articulating surfaces of the Discover discs. The FSU and overall (C2-C7) ROMs were measured on the dynamic flexion and extension X-rays. Disc space height was measured digitally at the surgical level through the midpoint of the upper and lower endplates. Lordosis was shown as a positive value, and kyphosis was shown as a negative value. It should be noted that because there were 12 patients' images whose inferior endplates of C7 could not been seen, we presented the statistics of overall cervical lordosis (C2-7) and overall ROM (C2-7) from the remaining 43 patients. Radiographic measurements were performed on source-digitalized images using IMPAX imaging software (Agfa version, Mitra Imaging Inc.).
Statistical analysis
Statistical analyses were performed by a professional medical statistical consultant. Statistical analysis was performed using SPSS software 17.0 (SPSS Inc, Chicago, IL 
Results
Clinical evaluation
Clinical values are provided in Table 2 . The mean JOA had improved significantly from 11.8 ± 2.0 preoperatively to 15.4 ± 1.2 at the last follow-up (P \ 0.001), with an average improvement rate of 66.5 ± 31.7 %. Statistically significant reductions in both NDI and VAS were noted in this group. The mean NDI was 37.3 ± 14.3 preoperatively and 13.7 ± 10.9 at the last follow-up (P \ 0.001). The mean VAS for neck pain score was 64.4 ± 15.1 preoperatively and decreased to 17.4 ± 13.3 at the last follow-up (P \ 0.001). According to Odom's scale, there were 32 excellent cases, 13 good cases, 7 fair cases and 3 poor cases. Good to excellent results were attained in 81.8 % of these patients.
Radiographic outcomes
Radiologic values are provided in Table 3 . The sagittal alignments were well restored in most cases. The mean endplate angle improved from 3.8 ± 3.8°preoperatively to 6.7 ± 5.4°at the last follow-up (P \ 0.001). Improvement of endplate angle was seen in 46 cases. The mean FSU angle improved from 1.3 ± 5.9°preoperatively to 5.2 ± 6.6°at the last follow-up (P \ 0.001). Improvement of FSU angle was seen in 43 cases. The mean overall sagittal alignment improved from 13.8 ± 8.9°preopera-tively to 16.4 ± 8.0°at the last follow-up (P \ 0.05). Both mean FSU and overall ROM parameters demonstrated a decrease in the follow-up. The mean FSU ROM decreased significantly from 10.8 ± 5.3°preoperatively to 8.4 ± 6.3°at the last follow-up (P = 0.008), and increase of ROM was seen in only 17 cases. The mean overall ROM decreased from 38.4 ± 14.4°preoperatively to 37.7 ± 12.3°a t the last follow-up (P = 0.703). The mean disc height increased from 6.2 ± 0.9 mm preoperatively to 8.4 ± 0.7 mm at the last follow-up.
Complications
Dysphagia was detected in four patients, which was probably due to traction or irritation of the superior laryngeal nerve during surgery and was relieved in a month without any special treatment. Anterior migration of the prosthesis was detected in six cases (Fig. 2) . Adjacent segment degeneration occurred in four patients, whose neurological symptoms were relieved after receiving medical treatment. Heterotopic ossification (HO) was observed in ten patients (Fig. 3) . According to McAfee's classification [17] , there were five Grade I cases and five Grade II cases. Complications such as neurological deterioration, implant subsidence and fractured vertebrae were not observed. Revision surgery was not required in any case. FSU functional spine unit, ROM range of motion a Indicates those data were from the 43 patients whose inferior endplates of C7 could be seen Fig. 2 A 51-year-old female, who was found with 0.21 cm migration of the superior endplate of the Discover disc at the last follow-up; a immediately after surgery; b 2 years after surgery
Correlation analysis and multiple regression linear analysis
The results were from the 43 patients whose inferior endplates of C7 could be seen. A significant correlation was found between preoperative FSU ROM and postoperative FSU ROM by the Pearson correlation coefficient (r = 0.325, P = 0.034). Multiple linear regression analysis confirmed that preoperative FSU ROM contributed independently to a model with a coefficient of determination of 0.37 (P = 0.034) ( Table 4) .
Discussion
The effectiveness of CDR in treating cervical degenerative disc diseases has been confirmed in many studies [4, 6, 8, 18, 19] . CDR can maintain the motion of the treated segment and contribute to physiological alignment of the treated segment and overall cervical spine. The current widely used cervical artificial discs include Bryan, Prestige, ProDisc-C, PCM, etc., whose clinical effects and biomechanics have been well studied. As a newly established device, the Discover disc has only been in use in the clinic for a few years. Until now, few reports on the clinical application of Discover disc have been published. Du et al. [4] first reported the early follow-up outcomes of the Discover disc CDR, and demonstrated that it increased the FSU motion and maintained the FSU angle postoperatively. Patients achieved good clinical outcome and no complications occurred during or after the surgeries. In our study, with proper selection of patients and adequate neural decompression, the clinical outcomes have so far been satisfactory. According to Odom's criteria, good to excellent results were achieved in 81.8 % (45/55) patients; however, some complications were identified. Migration of the prosthesis was found in six patients (10.9 %), which seemed to be frequent, although they were without any adverse clinical symptoms and no prosthesis needed to be removed. Because fixation may be the key to the long-term success of CDR, long-term fixation of the Discover disc is provided by teeth and a layer of TPS and HA. The causes of migration and the osseointegration at the bone-implant surface deserve further study. We would like to suggest an increase in the area of TPS and HA layers at each endplate of the Discover disc. HO was found in ten cases of Grade I or II (18.2 %) at the last follow-up, and its incidence was obviously less than in other studies [20] [21] [22] . Because the contribution of sagittal balance to operative and adjacent segmental longevity is likely to be more important than preservation of ROM [15] , artificial cervical Fig. 3 A 50-year-old female, who was found with mild migration of prosthesis and Grade II HO (arrow) at the last follow-up, which might be caused by inadequate insertion depth; a immediately after surgery; b 2 years after surgery discs are expected to maintain cervical lordosis. Restoration of cervical lordosis after CDR was reported in many papers [11] [12] [13] [14] , although most artificial cervical discs are not intended to restore lordosis. In our study, the average FSU angle improved by 2.9°, endplate angle of the treated level by 3.9°and overall cervical alignment by 2.6°at the 2-year follow-up (Fig. 1) . One possible reason is that the unique 7°lordosis design of the Discover disc may well restore cervical lordosis. Thus, the Discover disc may be a good candidate for patients with preoperative poor cervical alignment who wish to undergo CDR. It has been reported that spinal malalignment after CDR, such as with the Bryan disc, is likely due to design limitations [15] . Pickett et al. [5] reported that all patients implanted with the Bryan disc (n = 14) developed segmental kyphosis persisting for more than 6 months. Similarly, Fong et al. [15] reported that 90 % of patients (n = 10) had kyphosis through the operative level demonstrating a mean change in angle of -9°and a tendency toward FSU kyphosis. Losses of FSU angle were also detected in 12 cases (21.8 %) in our group, which may be caused by multi-factors including surgical techniques, prosthesis design or patient factors. In some of our cases, although intraoperative fluoroscopy confirmed that the discs were positioned correctly, these were found to be asymmetric immediately after surgery. We assume that cervical spine position during the surgical procedure and change of cervical kinematics after recovery from anesthesia may explain this phenomenon. However, kyphosis through the arthroplasty segment was thought to have no influence on clinical outcomes as well as range of motion in early follow-up [5, 15] . Motion preservation is a fundamental benefit of CDR. Most authors [1-10, 12, 19] observed the effect of general motion preservation at the implanted level regardless of the specific prosthesis design. In those studies, some groups have shown an increased motion [1] [2] [3] [4] , whereas others have shown no change [5] [6] [7] or decreased motion [8] [9] [10] . In contrast to Du et al. [4] , CDR with the Discover disc was able to maintain a mean of 8.4 ± 6.3°of FSU ROM at the 2-year follow-up in our group, which was significantly less than the preoperative ROM (P = 0.008). It seems that the Discover disc can only partially maintain motion at the implanted level. Additionally, the mean overall ROM also decreased at the last follow-up in our study, though this difference did not reach statistical significance.
A number of factors have been attributed to the variability of ROM after CDR. Rabin et al. [2] reported that the greater the lordosis introduced between the prosthesis' endplates, the more limited the segmental ROM will be. Kang et al. [3] found that disc height increments showed a significant correlation with segmental ROM, and disc height increments less than 4.0 mm could increase segmental ROM. Peng et al. [23] found that patients with more than 5 mm of postoperative disc height had significantly higher postoperative ROM than those with less than 5 mm disc height. In our study, we found no correlation between sagittal balance parameters, clinical parameters and FSU ROM. The only correlation observed was between preoperative FSU ROM and postoperative FSU ROM, which showed that postoperative FSU ROM positively correlated with preoperative FSU ROM and was also confirmed in some studies [24, 25] . This indicates that preoperative FSU ROM is an important prognostic factor for CDR in terms of motion preservation. As the preoperative FSU ROM of the patient decreased, cervical spondylosis including disc degeneration, contracture of spinal ligaments and facet capsules as well as facet arthrosis was advanced. CDR only focuses on the spondylosis in the anterior portion of the cervical spine, ignoring the problems in the posterior portion. Posterior spondylosis of cervical spine may contribute to less FSU ROM postoperatively. Thus, careful evaluation of cervical spondylosis as well as FSU ROM before CDR is necessary. Tian et al. [24] suggested that a poor preoperative ROM is a contraindication for Bryan cervical disc arthroplasty. However, severe restrictions in segmental ROM preoperatively were not always found to be associated with decreases in segmental ROM after CDR [3] . Five of six patients with preoperative FSU ROM less than 5°g ained improvement of FSU ROM after CDR in our group. Therefore, this indication may not be an absolute contraindication for the Discover CDR. We assume, with adequate decompression, that in cases without severe posterior spondylosis of cervical spine the Discover CDR will improve segment ROM. Furthermore, studies focusing on other factors affecting segmental ROM in CDR are warranted.
There are some limitations in this study including the lack of a control group, the limited follow-up and the absence of an assessment of adjacent segment motion. A comparative study with other kinds of artificial cervical discs may provide further insights into the characteristics of different prostheses. Moreover, this study addresses only flexion/extension ROM and does not characterize the biomechanical behavior of the Discover disc in axial rotation and lateral bending. Other factors influencing postoperative ROM such as disc insertion angle, disc insertion depth and implant size were not analyzed in this study.
